Zinc oxide (ZnO) nanocrystals (NCs) with high crystalline quality were prepared via radio-frequency magnetron sputtering as a SiO 2 /ZnO/SiO 2 trilayer on Si(100) and Al 2 O 3 (0001) substrates with an intermediate in situ annealing step. Transmission electron microscopy reveals a uniform dispersion of ZnO NCs in the amorphous SiO 2 matrix with typical sizes up to 16 nm with a larger fraction of smaller crystals. The size distribution analysis yields a mean grain size of 5 nm for small particles. Individual ZnO NCs show a well-defined hexagonal close packed wurtzite structure and lattice parameters close to those of bulk ZnO, confirming their high crystalline quality. Mapping of the Zn distribution by means of energy-filtered transmission electron microscopy reveals a strongly non-uniform distribution of Zn within the SiO 2 matrix, corroborating the chemical separation of ZnO NCs from surrounding SiO 2 . Optical transmittance measurements confirm the findings of the electron microscopy analysis. The fabrication technique described opens up new possibilities in the preparation of ZnO NCs with high crystalline quality, including growth in monolithic optical cavities without intermediate ex situ fabrication steps.
Introduction
Zinc oxide (ZnO) is a wide gap semiconductor with a broad range of applications in the field of optoelectronic devices, such as laser or light emitting diodes [1, 2] . ZnO quantum dots have attracted considerable attention as their spins are potential candidates for qubits in quantum information technology [3, 4] . As photons can mediate an effective coupling between spins in two quantum dots [5] , ZnO quantum dots embedded into an optical cavity may be envisioned as spintronic devices working at room temperature. Such a system could be manipulated on a femtosecond timescale, avoiding slow electrical contacts.
Different preparation methods have been established to grow ZnO nanocrystals (NCs). The most widely spread technique is sol-gel synthesis [6] [7] [8] [9] [10] [11] mainly based on the work of Spanhel et al [12] or Seelig et al [13] . Other wet chemical methods like flame spray pyrolysis [14] or controlled doublejet precipitation [15] have also been successfully implemented. However, wet chemical procedures require drying of the NCs, which may result in the formation of secondary phases due to the large numbers of hydroxyl groups [16] . This can be avoided by solid state reactions such as mechanochemical preparation [16] and ion implantation [17, 18] . Also sputtering is suitable as a solvent-free preparation method. Recently, the fabrication of ZnO NCs via sputtering from a special mosaiclike target has been demonstrated with the main focus on the optical properties of the prepared composite systems [19] [20] [21] requires long spin coherence times, which can be realized by embedding them into optical cavities [22] . Recently, a high-quality pillar microcavity operating in the ultraviolet has been fabricated by rf-magnetron sputtering of two Bragg mirrors with an intermediate layer containing colloidal ZnO quantum dots [23] . A disruption in the resonator fabrication process can be avoided by replacing colloidal quantum dots, which are spin coated outside the sputtering chamber, by their sputtered equivalents, forming a monolithic optical cavity without intermediate ex situ fabrication steps.
In this work, ZnO NCs with high crystalline quality embedded in a SiO 2 matrix were successfully prepared by radio-frequency (rf) magnetron sputtering. The crystalline quality of the ZnO NCs in SiO 2 was investigated in detail by means of transmission electron microscopy (TEM) focusing on the structural properties of distinct NCs. Additionally, optical transmittance measurements were performed on the ZnO/SiO 2 system confirming the findings of the electron microscopy analysis.
Experimental details
ZnO NCs in SiO 2 have been prepared by rf-magnetron sputtering of a SiO 2 /ZnO/SiO 2 trilayer on Si(100) and Al 2 O 3 (0001) substrates. Figure 1 shows a schematic diagram of the preparation process. At the first preparation step a 30 nm thick SiO 2 layer was deposited onto Si(100) and Al 2 O 3 (0001) substrates at room temperature. A gas flow of 100 ml n min −1
Ar and 8 ml n min −1 O 2 was used. These preparation conditions lead to a working pressure of 4.5 × 10 −3 mbar and a sputtering rate of about 0.7Å s −1 . A ZnO film with a thickness of 5 nm was deposited onto the SiO 2 layer under the same conditions. After the deposition of ZnO the sample was annealed at 500
• C for 1 h. Subsequently, the SiO 2 top layer was deposited onto the hot sample, again with a gas flow of 100 ml n min −1 Ar and 8 ml n min −1 O 2 . Microstructural investigations of the ZnO layer sandwiched between the SiO 2 layers on Si(100) were performed by TEM using a Philips CM200 FEG/ST microscope at 200 kV acceleration voltage. The ZnO/SiO 2 composite system was imaged in cross-section and in plane-view using diffraction contrast, selected area electron diffraction (SAED) and highresolution TEM (HRTEM). In addition, a 200 kV LEO 922 Omega microscope was used for imaging the element distribution by energy-filtered TEM (EFTEM) and for scanning TEM (STEM) imaging by means of a high-angle annular dark-field (HAADF) detector, yielding images with strong atomic number contrast (Z-contrast, see e.g. [24] ). Standard TEM sample preparation techniques were used, including grinding, polishing to a thickness of about 10-20 μm, dimpling, and finally Ar + -ion thinning. Optical measurements were performed at room temperature with an Agilent 8453E ultraviolet-visible spectrometer with a resolution of 1 nm.
Results and discussion
In order to study the microscopic structure of the prepared ZnO/SiO 2 composite system, detailed investigations were performed by TEM. Figure 2 (a) shows a representative crosssection HRTEM image of the approximately 5 nm thick ZnO layer sandwiched between two SiO 2 layers. Slightly elongated ZnO NCs (dark regions) dispersed within the amorphous SiO 2 surrounding (bright background) are clearly discernable. A magnification of a typical inclusion is shown in figure 2(b) confirming the high crystalline quality of the prepared ZnO NCs. However, cross-section HRTEM images alone do not give a direct hint for the formation of separated ZnO NCs.
To verify this assumption and to enhance the contrast, plane-view TEM imaging was performed. The bright-field image shown in figure 3(a) suggests the presence of distinct ZnO NCs surrounded by SiO 2 . EFTEM imaging visualizes matrix, confirming the presence of areas enriched with ZnO. From these TEM measurements the ZnO-containing regions are estimated to be up to 16 nm in size.
To obtain a size distribution of the NCs, several TEM images were used and about 1000 NCs counted and measured in diameter. Figure 4 shows the resulting histogram. The distribution reveals that 73.4% of the NCs are 5 ± 2 nm in diameter. Only 3% of the NCs are smaller than 3 nm, 24.6% of the NCs are larger than 7 nm. The number of ZnO NCs with a diameter of less than 3 nm might be underrepresented in the histogram due to the limited resolution of the large area TEM images. with FWHM representing the full width at half maximum (in radians) of the investigated diffraction peak. This formula is well known from x-ray diffraction (XRD) [26] , but may also be applied to electron diffraction [27] . Especially the strong and well separated reflections (110), (103) and (112), and also (100), (002) and (101) at low diffraction angles may be used for the evaluation of D and lead to D = 5 ± 1 nm. This is in good agreement with the results obtained from the TEM image analysis (see figure 4) . As only small NCs broaden the FWHM of the diffraction peaks significantly, mainly their mean grain size is investigated with the radial intensity profile. The peaks are also somewhat broadened by image correction, as the SAED raw data is originally not entirely ring-shaped but slightly elliptic. Hence, the diffraction peaks may appear broader and so the NCs may appear smaller than the real size. The mean grain size of 5 nm fits well with the results of Ma et al [19] obtained by XRD for NCs which were, like our samples, annealed at 500
• C. The diffraction measurements may also be used for the estimation of the lattice constants, yielding a = 3.24Å and c = 5.20Å. The results are in good agreement with the values for bulk ZnO of a = 3.25Å and c = 5.21Å [28] , and slightly closer to the bulk values than the parameters observed by HRTEM for a single ZnO NC prepared by the filtered cathodic vacuum arc technique, which yields a = 3.17Å and c = 5.17Å [29] .
HRTEM imaging confirms the presence of crystalline, predominantly small ZnO NCs with sizes up to 16 nm, embedded in amorphous SiO 2 . These sizes are in agreement with the results obtained by SAED, because not only large NCs of 16 nm in diameter but also many smaller NCs with a diameter less than or equal to 5 nm were found. In figure 6 (a) an image of a typical ZnO NC with a diameter of about 10 nm is presented. The fast Fourier transform pattern ( figure 6(b) ) of the HRTEM image shows clear reflections up to the second order. For some orientations even the third order reflection is visible. The indexed diffraction pattern simulated with JEMS software [30] for the [001]-beam direction (figure 6(c)) confirms the wurtzite structure for the analyzed ZnO NC. From the HRTEM image in figure 6 (a) a lattice constant of a = 3.24Å is derived, which is consistent with the SAED result. Considering the measurement accuracy, this is again in good agreement with the ZnO bulk value of a = 3.25Å [28] . Highresolution TEM imaging on different NCs reveals a structural anisotropy regarding the distribution of the hexagonal c-axis of ZnO NCs compared to the growth direction.
Optical transmittance measurements of ZnO NCs embedded in SiO 2 on Al 2 O 3 (0001) yield information about the bandgap of the semiconductor sample. Figure 7 shows (αhν) 2 as a function of photon energy hν, calculated from the optical transmittance spectrum, where α denotes the absorption coefficient. ZnO-related absorption sets in above 3.5 eV. A bandgap shift to higher energies due to quantum-confinement effects as observed for zero-dimensional quantum dots [31] is not observed here. In the high absorbance region, the models proposed by Tauc [32] and David et al [33] can be ap- plied [34] . Then α depends on the photon energy hν via α = C/(hν) · hν − E g , with C constant and E g the direct bandgap. Following this relation, the bandgap is obtained by extrapolating the linear part of (αhν) 2 to the hν axis and estimated to be about 3.23 eV, as indicated by the dashed line (linear regression) in figure 7 . However, the quantitative estimation of the bandgap is difficult in this case, as the absorption caused by ZnO is small due to the extremely thin ZnO layer. Thus, the edges of the range which can be used for extrapolation are not well-defined, which leads to a large variation of the bandgap depending on the choice of the edges. The bandgap as well as the size of ZnO NCs prepared in this study agree well with the values found by Tan et al [34] in NC-embedded ZnO thin films, which were annealed at 500
• C in a mixed O 2 and N 2 atmosphere. In contrast to SAED the large NCs dominate the optical transmittance spectra: in this study, the bandgap of bulk ZnO was observed because the NCs that are larger than 5 nm in diameter appear as bulk material, which has an energetically lower bandgap compared to smaller NCs. Consequently, their absorption emerges at lower energies, masking the absorption of smaller NCs.
Finally, we would like to demonstrate that our ZnO NC preparation method differs from others in an important way: we show that ZnO NCs in the amorphous SiO 2 matrix, sputtered as a layer structure, may be formed without a high temperature (>800
• C) annealing step. Such an annealing step was used by several groups to prepare ZnO NCs based on layer deposition [35, 29, 36] . However, Ma et al [19] reported that annealing at temperatures higher than 800
• C may easily lead to the formation of zinc silicate (Zn 2 SiO 4 ) due to the large number of surface atoms of ZnO NCs and thus a high surface free energy to enable interface reactions. We also observed the formation of Zn 2 SiO 4 at post annealing temperatures which were higher than 750
• C (not shown), which is in good agreement with the results found in [19] . Moreover, future optical cavities with embedded NCs will most likely be adversely affected, since interdiffusion of the different Bragg mirror materials might occur. Ma et al as well as Peng et al [20, 21, 37] deposited via rf-sputtering, but, in contrast to us, with a special mosaic-like target to perform co-sputtering of ZnO and SiO 2 (target attached sputtering). We suppose that the annealing step in the preparation in combination with the amorphous SiO 2 layer causes the ZnO layer to crack and form the NCs, which are then protected by the second SiO 2 layer, without formation of any mixed phases.
Conclusions
In summary, we have prepared ZnO NCs with high crystalline quality by rf-magnetron sputtering and investigated their structural and optical properties by means of TEM and optical transmittance. High-resolution TEM reveals a uniform dispersion of predominantly small ZnO NCs with sizes up to 16 nm. Individual ZnO NCs show a well-defined hcp wurtzite structure. Mapping of the Zn distribution by means of EFTEM reveals the strong non-uniform distribution of Zn within the SiO 2 matrix corroborating the chemical separation of ZnO NCs from surrounding SiO 2 . SAED patterns confirm the wurtzite structure and together with the TEM image analysis indicate a mean grain size of about 5 nm for smaller NCs. Consistent with the size distribution, optical transmittance spectra reveal the bulk ZnO bandgap as large NCs dominate the spectra. The fabrication technique described opens up new possibilities in the preparation of ZnO NCs with high crystalline quality. Monolithic optical cavities containing ZnO NCs may be grown without intermediate ex situ fabrication steps.
